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Abstract: Accurate measurement of bilirubin concentration in adults is crucial for the diagnosis
and management of liver and biliary tract diseases. Traditional methods relying on central
laboratory testing pose challenges such as invasiveness, patient discomfort, and time consumption.
Non-invasive alternatives have been explored, but their applicability to adult populations remains
uncertain. This study aimed to develop and validate a portable non-invasive optical system
based on spatially resolved diffuse reflectance spectroscopy (DRS) specifically tailored for
adult transcutaneous bilirubin measurement. Forty-two adult patients with various underlying
conditions were included in the study. Comparisons between transcutaneous bilirubin values
measured by the DRS system and total serum bilirubin concentrations obtained through blood
tests revealed strong correlations, particularly at the neck (r = 0.872) and the medial side of the
right upper arm (r = 0.940). Bland-Altman analyses demonstrated substantial agreement between
the transcutaneous bilirubin values and total serum bilirubin concentrations. The results highlight
the potential of the non-invasive DRS system as a convenient and reliable tool for monitoring
bilirubin values in adults.
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1. Introduction

Jaundice, or hyperbilirubinemia, is a quite common clinical condition, and can be classified
as unconjugated or conjugated. In adults, the major pathophysiologic conditions leading
to conjugated hyperbilirubinemia include hepatocellular injury, intrahepatic cholestasis, and
extrahepatic biliary duct obstruction. Liver cirrhosis and acute hepatitis, commonly caused by
viral hepatitis B or C infection, alcohol consumption, or non-alcoholic fatty liver disease, are
prevalent global conditions resulting in hepatocellular injury [1]. Mortality rates associated with
liver cirrhosis have been high, with cirrhosis-related deaths in the global total death increasing
from 1.9% (1.8%—2.0%) in 1990 to 2.4% (2.3%-2.6%) in 2017 [2]. Biliary duct obstruction, due
to biliary stones or cancers, remains a significant burden, with prevalence rates of cholelithiasis
and choledocholithiasis estimated to be around 10% to 20% worldwide [3]. Although mortality
rates related to gallstone-related diseases have shown a gradual decline due to advances in
diagnosis and care, incidence and mortality rates of gallbladder and biliary tract cancer have
increased [4]. Consequently, the diagnosis of jaundice remains important in clinical practice.
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Jaundice is characterized by tea-colored urine and the presence of icteric skin and sclera.
Traditionally, the assessment of jaundice relies on measuring total serum bilirubin through central
laboratory testing, which involves phlebotomy and poses challenges such as time consumption,
patient anxiety, pain, and an increased risk of infection. Consequently, the development of
non-invasive methods to measure bilirubin concentration has emerged as an alternative approach.

Transcutaneous bilirubin can be determined by analyzing the light reflected by skin and
subcutaneous tissues. Previous studies by Yamanouchi et al. and Bosschaart et al. have
demonstrated the use of non-invasive devices for assessing transcutaneous bilirubin, showing a
strong correlation with total serum bilirubin concentration in neonatal jaundice [5—7]. However,
these devices were primarily validated in neonates with total serum bilirubin concentration ranging
from 5.85-11.7mg/dL [7]. Since healthy adults typically have serum bilirubin concentration
below 1.2 mg/dL, it remains uncertain whether these devices are applicable for adults. Point-of-
care testing (POCT) has emerged as a convenient monitoring tool that provides rapid laboratory
results in clinical practice [8,9]. Commercial transcutaneous bilirubinometers, such as the Driger
Jaundice Meter JM-105 (Driagerwerk AG & Co. KGaA, Liibeck, Germany) and BiliChek (Philips,
Amsterdam, Netherlands) noninvasive bilirubin assessment tool, are exclusively approved for
use in newborns [10,11]. Therefore, the correlation between transcutaneous bilirubin values
measured by such devices and total serum bilirubin concentrations in adults remains uncertain.

Diffuse reflectance spectroscopy (DRS) is a well-established non-invasive method widely
used in biomedical optics. It encompasses three variants: spatially resolved diffuse reflectance
spectroscopy, frequency domain diffuse reflectance spectroscopy, and time-resolved diffuse
reflectance spectroscopy [12—14]. Among these variants, spatially resolved diffuse reflectance
spectroscopy is relatively easy to implement. It involves delivering steady-state light into the
target tissue at various source-to-detector separations to collect diffuse reflectance spectra. From
these spectra, the absorption coefficient and reduced scattering coefficient of the target tissue
can be calculated using a proper photon transport model [6,12]. The tissue composition can
then be derived based on the assumption that tissues consist of specific chromophores, and their
light absorption follows the Beer-Lambert’s law in a superposition manner [13,15,16]. Spatially
resolved diffuse reflectance spectroscopy is particularly suitable for measuring skin tissues due
to its simple structure, low cost, portability, and suitability for superficial tissue measurement
with source-to-detector separations of less than 5 mm. Our group has successfully utilized
spatially resolved diffuse reflectance spectroscopy in various applications, including non-contact
measurement for skin collagen [17] and evaluation of treatment response in keloids [18].

In a previous study, we demonstrated a custom spatially resolved diffuse reflectance spectroscopy
(DRS) system capable of measuring transcutaneous bilirubin in newborns. The system accurately
recovers transcutaneous bilirubin values highly correlated with total serum bilirubin concentrations
[19]. This spatially resolved diffuse reflectance spectroscopy system determines the absorption
and scattering properties of the skin, utilizing the recovered skin absorption spectrum to extract
the bilirubin value. This method minimizes interference from different skin scattering properties
and chromophore compositions among subjects. However, adults generally have darker skin and
different skin compositions, potentially complicating the contribution of bilirubin pigment in
the detected light reflectance. Thus, this study aimed to verify the capability of the spatially
resolved diffuse reflectance spectroscopy system in measuring transcutaneous bilirubin in adults
and validate the correlation between the transcutaneous bilirubin values and total serum bilirubin
concentrations determined through blood tests.
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Fig. 1. Schematic setup of the spatially resolved diffuse reflectance spectroscopy system
employed in this study. The system consisted of a white LED, a spectrometer, a fiber switch,
a fiber probe, and a laptop computer. Lower left shows the detail configuration of the fiber
probe.

2. Methods

2.1.  Configuration of the portable diffuse reflectance measurement system

In the spatially resolved DRS system, we employed a custom-designed optical fiber probe to
collect spatially resolved reflectance from the skin of subjects (Fig. 1). The probe consisted of
optical fibers with a core diameter of 440 um and a numerical aperture of 0.22. Of the fibers
in the probe, two were connected to the light source through an optical switch (Piezosystem
Jena, Germany), whereas the remaining fiber served as the detector fiber. The detector fiber
was connected to a spectrometer (QE65000, Ocean Optics, FL, USA) for detecting the optical
reflectance signal. For illumination, a white-light light-emitting diode (LED, MCWHL5-6500 K,
Thorlabs, USA) emitting a broad spectrum ranging from 400 to 600 nm was employed. The
spectrometer and optical switch were linked to a laptop computer and controlled using a
custom MATLAB program (MathWorks, Natick, MA, USA). Spatially resolved DRS leverages
mathematical models, such as diffusion theory or Monte Carlo simulations, to interpret how
light interacts within tissue. To effectively constrain the parameters of these models and achieve
an optimal fit with the observed data, measurements from multiple source-detector pairs are
essential. While traditional spatially resolved DRS setups often require data from more than two
such pairs, our tailored model has been optimized to extract accurate tissue optical properties
using just two source-to-detector separations: 1 mm and 2 mm. The dual-detector configuration
not only streamlines the data collection process but also allows for a more compact optical fiber
probe design. This compactness is particularly advantageous in clinical settings, facilitating easy
operation and minimizing patient discomfort. In addition, we employed a calibration procedure
akin to the one used in our prior study [18]. Each set of skin reflectance spectra, along with the
system’s dark noise, was calibrated using reflectance spectra obtained from a siloxane phantom
with known optical properties (i, =0.07 mm™" and y;” = 1.91 mm™! at 780 nm). This process
effectively removed the instrument’s response. By utilizing this specially designed optical fiber
probe and a combination of the light source, spectrometer, and optical switch, our system enabled
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the acquisition of spatially resolved reflectance measurements from the skin. The measurement
results were subsequently utilized in calculations of skin absorption spectra, which were vital for
accurate bilirubin assessment.

2.2. Theoretical models

While spatially resolved DRS is inherently model-based, the transformation of measured diffuse
reflectance into tissue optical properties isn’t a straightforward fitting operation. Spatially
resolved DRS necessitates a robust nonlinear mathematical model to accurately map measured
diffuse reflectance to tissue optical properties. The diffusion theory, a common approach for
deducing optical properties in tissues, does indeed have constraints. Specifically, it may not be
as reliable for measurements with source-to-detector separations under 5 mm. This is because
the diffusion approximation presumes the tissue to be both semi-infinite and uniform. It is
most precise when the photon transport is dominated by multiple scattering events. At shorter
source-to-detector separations, there might not be sufficient scattering events for the diffusion
theory to be applicable. In our prior research, we pioneered an artificial neural network (ANN)
model specifically designed to deduce skin absorption and reduced scattering spectra from diffuse
reflectance, gathered at source-to-detector separations of 1 and 2 mm. The construction and
validation of this model were described in the previous studies in detail [20]. Briefly, we designed
an artificial neural network architecture consisting of an input layer, two hidden layers, and an
output layer to model the relationship between diffuse reflectance and skin optical properties. The
size of the neurons in the two hidden layers was set to 10. The artificial neural network model
was trained using the MATLAB (MathWorks, USA) function “trainNetwork™ to relate 3600
combinations of absorption and reduced scattering coeflicients to the corresponding Monte Carlo
simulated diffuse reflectance at 1 and 2 mm. In the Monte Carlo simulations, we modeled the
turbid medium with a semi-infinite geometry. The simulations encompassed a broad spectrum of
optical properties pertinent to human skin at wavelengths between 450 and 550 nm. Specifically,
absorption coefficients (u,) ranged from 0.01 to 2 mm™", and scattering coefficients (u,) spanned
from 0.1 to Smm™"!. The in-vivo skin absorption spectrum was derived using the artificial neural
network model, which was then utilized to quantify the skin bilirubin value by applying the
Beer-Lambert law as follows [21]:

Ha(skin)(A) = 2.303X[Chpo, X €10, (A) + Chp X €ap(A)
+ Cinelanin X Emelanin(A) (D
+ Chilirubin X Ebilirubin(A)]

where C and € represent the concentration and the extinction coefficient of a certain substance,
respectively. For the chromophore extinction coefficients, we relied on online data from the
Oregon Medical Laser Center [22]. Equation (1) establishes a relationship between the skin
absorption spectrum and the concentrations of skin chromophores, namely hemoglobin, melanin,
and bilirubin. Given that the exact concentrations of these chromophores remain undetermined,
the problem becomes one of optimization. To address this, we employed the MATLAB function
“Isqcurvefit” to deduce the concentrations of hemoglobin, melanin, and bilirubin.

The raw bilirubin values obtained through our diffuse reflectance spectroscopy technique
represent the bilirubin present in the extravascular space and are not directly equivalent to the total
serum bilirubin concentrations. Besides, it is noteworthy that Eq. (1) inherently presents a linear
relationship, implying that the raw skin bilirubin value has a direct linear dependence on the skin
absorption spectrum. Moreover, under the assumption that the serum bilirubin concentration
linearly influences the magnitude of skin absorption, there exists a linear relationship between the
raw skin bilirubin value and the serum bilirubin concentration. Therefore, a conversion process
was necessary to establish a relationship between the raw bilirubin values and the total serum
bilirubin concentrations. To achieve this, a linear regression analysis was performed between
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the raw bilirubin values and the total serum bilirubin concentrations at each measurement site.
This enabled the mapping of the raw bilirubin values (uM) to the corresponding transcutaneous
bilirubin concentrations (mg/dL) using the linear regression formula specific to each site.

2.3. Study design and patient enrollment for measurement of transcutaneous bilirubin

The measurement of transcutaneous bilirubin was conducted at the inpatient ward of the National
Cheng Kung University Hospital in Tainan, Taiwan. Prospective enrollment was carried out
for patients aged 20 years and above, admitted to the Division of General Internal Medicine,
Department of Internal Medicine, from January 2021 to July 2022. Ethical approval for this study
was obtained from the National Cheng Kung University Hospital Institutional Review Board
(approval Number: B-ER-109-354). The date of approval was Dec. 28, 2020. Written informed
consents were obtained from all enrolled patients.

Patient characteristics and clinical data were carefully recorded. Serum bilirubin concentrations
were determined through phlebotomy using the Cobas 8000 Modular Analyzer Series c502
(Roche Diagnostics, Switzerland). The clinical laboratory technologists involved in the central
laboratory analysis were blinded to the patients’ data and the results of transcutaneous bilirubin
measurement. Within 3 hours after phlebotomy, two investigators, who were also blinded to
the data, performed transcutaneous bilirubin measurement at five specified sites: the forehead,
cheek, neck, and medial side of the left and right upper arm, using our portable DRS system.
The measurement site on the forehead lies at the midpoint between the hairline and the middle
eyebrows. The site on the cheek lies at the midpoint between the nostril and the ipsilateral
earlobe. The site on the neck lies at the point between the sternocleidomastoid muscle and the
trapezius muscle at the horizontal level of the cricoid cartilage. The site on the upper arm is at
the midpoint of the medial side between the shoulder and the elbow. Three measurements were
obtained at each site to assess the percent difference between measurements. If the percentage
difference between measurements at a particular site exceeded 5%, the measurement at that site
was repeated. Areas with intravenous sets, scars, nevi, melasma, seborrheic keratosis, and/or
other skin pigmentation were excluded from measurement. The derived bilirubin values obtained
from the portable DRS system were compared with the total serum bilirubin concentrations
obtained through phlebotomy.

3. Statistical analysis

The correlation between transcutaneous bilirubin values and total serum bilirubin concentrations
was analyzed using linear regression analyses. Furthermore, Bland-Altman plots were employed
to assess the bias and 95% limits of agreement (LOA) between the transcutaneous bilirubin
values and total serum bilirubin concentrations.

4. Results

4.1. Demographic features of the patients

A total of 42 patients were included in the study, of which 24 (57.1%) were female. The
demographic characteristics of the patients were as follows: the median age was 70.5 years
(25th—75th interquartile range: 63.0-82.25 years), ranging from 30 to 92 years. The median
body height was 157.5 cm (25th—75th interquartile range: 151.8—165 cm), ranging from 135
to 180cm. The median body weight was 59 kg (25th—75th interquartile range: 48-70.3kg),
ranging from 35 to 93kg. The median total serum bilirubin concentration was 0.55 mg/dL
(25th—75th interquartile range: 0.3—1.1 mg/dL), ranging from 0.1 to 3.9 mg/dL. The enrolled
patients had various underlying conditions, including urinary tract infection/acute pyelonephritis
in 11 (26.2%) patients, common bile duct stone/acute cholangitis in 7 (16.7%) patients, acute
cholecystitis in 5 (11.9%) patients, acute hepatitis in 3 (7.1%) patients, pneumonia in 3 (7.1%)
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patients, cellulitis in 3 (7.1%) patients, sepsis in 2 (4.8%) patients, colitis in 2 (4.8%) patients,
cirrhosis in 2 (4.8%) patients, liver abscess in 2 (4.8%) patients, uremia in 1 (2.4%) patient, and
duodenal ulcer in 1 (2.4%) patient. It is important to note that none of the patients experienced
any adverse events following phlebotomy or during the transcutaneous bilirubin measurement
process. Additionally, in this study, the mean melanin concentration determined using our DRS
system for the left upper arm was 0.76%, with a standard deviation of 0.46%. For context, in a
previous study we conducted [16], the upper arm’s average melanin concentration for the skin
type III-IV group was 1.66%.

4.2. Comparisons between transcutaneous bilirubin values and total serum bilirubin
concentrations

The transcutaneous bilirubin values converted from the raw bilirubin values were compared with
the corresponding total serum bilirubin concentrations obtained from the central laboratory using
linear regression analyses. Here we detailed the linear regression parameters for the raw bilirubin
values in relation to the total serum bilirubin concentrations across the five measurement sites.
For the forehead, the slope was 3.63 and the intercept was —2.56. For the cheek, the slope was
2.88 and the intercept was —1.35. In the case of the neck, the slope was 2.06 with an intercept of
—1.24. For the left upper arm, the slope was 4.54 and the intercept was —1.56. Lastly, for the
right upper arm, the slope was 2.65 and the intercept was —0.80. Patients with intravenous sets or
skin pigmentation at certain measurement sites were excluded from the transcutaneous bilirubin
measurement. The correlation coefficients (r) between transcutaneous bilirubin values and total
serum bilirubin concentrations were 0.609 at the site on the forehead, 0.800 at the cheek, 0.872
at the neck, 0.538 at the medial side of the left upper arm, and 0.940 at the medial side of the
right upper arm (Fig. 2(a)—(e)). These findings indicate a significant association between the
transcutaneous bilirubin values and total serum bilirubin concentrations, supporting the validity
of the non-invasive DRS measurement method.

To further assess the agreement between transcutaneous bilirubin values and total serum
bilirubin concentrations, Bland-Altman analyses were performed. The bias (95% LOA) values
were determined as follows: —1.884 x 10™* (=2.534-2.533) mg/dL at the site on the forehead,
—1.200 x 107* (~1.440-1.440) mg/dL at the cheek, —9.528 x 1073 (~0.997-0.996) mg/dL at
the neck, —3.018 x 1073 (~3.194-3.194) mg/dL at the medial side of the left upper arm, and
1.583 x 107 (=0.729-0.729) mg/dL at the medial side of the right upper arm (Fig. 3(a)—(e)).
These results indicate a substantial level of agreement between transcutaneous bilirubin values
and total serum bilirubin concentrations, supporting the potential utility and accuracy of the
transcutaneous bilirubin measurement method.

4.3. Site dependent transcutaneous bilirubin and total serum bilirubin correlation
coefficients

The correlation coefficients between transcutaneous bilirubin values and total serum bilirubin
concentrations varied across different measurement sites. As depicted in Fig. 2, the correlations
were relatively high at the site on the neck, but low at the forehead. Similarly, the correlations
were high at the right upper arm but low at the left upper arm. Notably, we observed a subject
(No. 029) whose transcutaneous bilirubin value aligned closely with the linear regression line at
the neck but deviated from the line at the forehead (the dot in the red square on Fig. 2(c) and 2(a),
respectively).

To investigate this discrepancy, we analyzed the difference between the recovered skin
absorption spectrum and the best chromophore fitting spectrum for subject No. 029, based on
Eq. (1). At the site on the neck, the best chromophore fitting spectrum (red dotted line) exhibited
good agreement with the skin absorption spectrum (black line) at the wavelength range between
500 to 540 nm (the red circle in Fig. 4(a)). However, at the site on the forehead, the agreement
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Fig. 2. Correlation plots comparing transcutaneous bilirubin values (measured using DRS)
with total serum bilirubin concentrations (obtained from blood tests) at five measurement
sites: (a) forehead, (b) cheek, (c) neck, (d) medial side of the left upper arm, and (e) medial
side of the right upper arm.



Vol. 14, No. 10/1 Oct 2023/ Biomedical Optics Express 5412 |
Biomedical Optics EXPRESS

4 forehead (N =41) cheek (N=42)
T T T T T T
3 271 f
= I+1.96 SD =
=3 =] ° 1+1.96 SD
E,] PO “pssazsmoidL E P -{ ------------------------- prdery
@
2 . . 211 o . 1
@ o [}
E °.° . 2 o
O ',.', 95% ClofBias(ug) _ _ _ _ _ _ _ _ | Mean o % o® 95%ClofBias(UB) _
2o ) — 1884364 20 - -
i ng/dL 5 LTI ] lo.00012mgrdL
2 e g &~ % CicTeaslie) p 2 & o 95% & of Bias{LB)
c = o« °
= ° <
@ ® L4 -14 e L g
e -2 : ° [ E § o 196 SD
[ D i e - ]
e e e e i e i e i J198sD = 1.44mg/dL
£ v 2.53362mg/dL o
o a-24 E
-4 T T T T T T
0 2 4 0 2 4
Average of measurements (mg/dL) Average of measurements (mg/dL)
(a) (b)
20 . § neck (N=36) . 8 Isft@perrarm(N:.%) .
2 154 i ) °
3 3+ . ]
E o }+1.96 50 B 196 50
o 5 P b.29638mg/dL w 19381mo/dL
Tt ° € 24 oe 4
E 05+ ° . J g P) °
e L _ 8% % 9% ClofBasug)  _® 4 oen g 1%, SS%ClofBlsie) _ _ _ _____] an
2 00 — — 52763E-5 o 01786E-5
g s 95% Clgf BiasiLB) il g ..‘.-' #5% i o Bias(L6) radL
054 . ° g ]
E ® ° ° .E 24 @ R 4
°
§.1,o«h! 77777777777777777777777777777777777 ii8e =D e L S 1.96 SD
5 0.99657mgldL g 3.18387mg/dL
@O - -
2 5] i &
o’ o
20 T - r . 6 T T T
0 1 2 3 4 0 2 4 6
Average of measurements (mg/dL) Average of measurements (mg/dL)
(c) )

. right upper arm (N =35 )

2
S 104 4
E Jreeso
o } ° 72882mgldL.
g 0.5 . R i
=4 __®_ & _ g 95%ClofBias(UB) _ ain
2 00 — — 58293E-5
© ) J
o ." 5% Ci of BiasiL) P ng/dL
E oo
£ .05 ° 1
3 L]
s 17 B e e To.72878mgidL
£ 104 i
]

1.5 T T T T T

[ 1 2 3 4

Average of measurements (mg/dL)
(€

Fig. 3. Bland-Altman plots showing the bias and 95% limits of agreement between transcu-
taneous bilirubin values and total serum bilirubin concentrations at the five measurement
sites: (a) forehead, (b) cheek, (c) neck, (d) medial side of the left upper arm, and (e) medial
side of right upper arm.
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between the best chromophore fitting spectrum and the skin absorption spectrum was only fair
(the red circle in Fig. 4(b)). The percentage deviation of the best chromophore fitting spectrum
from the skin absorption spectrum was calculated, revealing a deviation of approximately +1%
at the neck, whereas it was approximately +3% at the forehead.

No. 029 neck No. 029 forehead

v T v —_— T
460 480 500 520 540
Wavelength (nm) Wavelength (nm)

(a) (b)

No. 029 right upper arm No. 029 left upper arm

07

064 4

1 4 (Umm)

034 5 -

460 480 500 520 540 460 480 500 20— 540
Wavelength (nm) Wavelength (nm)

(©) (d)

Fig. 4. The analysis of fitting quality for subject No. 029, depicting the recovered skin
absorption spectrum (black line) and the best chromophore fitting spectrum (red dotted line)
at various measurement sites: neck (a), forehead (b), right upper arm (c), and left upper arm

(d).

Additionally, subjects No. 027, 029, and 039 consistently exhibited the transcutaneous bilirubin
values that closely followed the linear regression line at the site on the right upper arm but
deviated from the line at the left upper arm (the dots in the blue [No. 027], red [No. 029], and
green [No. 039] squares on Fig. 2(e) and 2(d), respectively). The chromophore fitting quality of
subject No. 029 was analyzed and demonstrated good agreement between the best chromophore
fitting spectrum (red dotted line) and the skin absorption spectrum (black line) at the right upper
arm (the red circle in Fig. 4(c)), whereas the agreement was only fair at the left upper arm (the
red circle in Fig. 4(d)). The percentage deviation of the best chromophore fitting spectrum from
the skin absorption spectrum revealed a deviation of approximately +1% at the right upper arm,
whereas it was approximately +2% at the left upper arm. The chromophore fitting quality of No.
027 and 039 was also analyzed and demonstrated similar results (figures not shown).

These findings indicated that the correlations between transcutaneous bilirubin values and total
serum bilirubin concentrations were influenced by the quality of chromophore fitting to the skin
absorption spectra at different measurement sites. The results emphasized the site-dependent
nature of transcutaneous bilirubin measurement and highlighted the importance of considering
individual variations when interpreting the data.
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5. Discussion

While commercial non-invasive transcutaneous bilirubinometers are available, they are approved
only for checking neonatal jaundice. Characteristics of jaundice differ between newborns and
adults. Neonatal jaundice primarily involves unconjugated hyperbilirubinemia, whereas adult
jaundice predominantly stems from conjugated hyperbilirubinemia due to hepatocellular injury
or extrahepatic biliary duct obstruction. Furthermore, unique features of the newborn skin, such
as its smoothness, lack of pigmentation, and absence of wrinkles, differ from those of the adult
skin, which are rough, freckled, cracked, and wrinkled. To the best of our knowledge, we have
not found any relevant reports on non-invasive transcutaneous bilirubinometers for adults.

This study demonstrated the effectiveness of a portable DRS system in combination with an
advanced spectral analysis algorithm for accurately assessing adult transcutaneous bilirubin values.
The findings revealed a substantial correlation between transcutaneous bilirubin measurements
and total serum bilirubin concentrations, particularly when evaluating the skin on the neck or
medial side of the right upper arm in adults.

The correlation coefficient » and the mean bias (95% LOA) were 0.940 and 1.583 x 1072
(=0.729-0.729) mg/dL, respectively, at the medial side of the right upper arm (Fig. 2(e) and
3(e)) and 0.872 and —9.528 x 107> (-0.997-0.996) mg/dL, respectively, at the neck (Fig. 2(c)
and 3(c)). In comparison, Radfar et al. used BiliChek to measure neonatal jaundice and
reported a correlation coefficient of 0.929 and a mean bias (95% LOA) of 0.65 (-1.8-3.1)
mg/dL between transcutaneous bilirubin values and total serum bilirubin concentrations [23].
Kuang et al. used the Werfen GEM 4000 blood gas analyzer to measure neonatal bilirubin
and found a mean bias (95% LOA) of 0.77 (—0.26-1.79) mg/dL compared to the automatic
biochemical analyzer [24]. Our DRS system exhibited low mean bias and 95% LOA. The
performance was attributed to the use of an artificial neural network that effectively separated
the absorption and scattering properties of the skin and combined it with the Beer-Lambert’s
law-based chromophore fitting to differentiate between hemoglobin, melanin, and bilirubin,
resulting in reliable bilirubin measurement. On the other hand, Polley et al. developed an optical
device for bilirubin monitoring, employing a non-contact probe that collected reflectance light
through the human conjunctiva [25]. Their results revealed a high correlation coefficient of 0.96
between the bilirubin values derived from the optical system and those from blood tests, with a
mean bias (95% LOA) of —0.06 (—0.42-0.30) mg/dL. However, it is crucial to acknowledge that
this method carries potential risks of eye injury since it involves exposing the eyeball to direct
light. Additionally, the collected diffused light from the “non-contact” probe could be susceptible
to interference from ambient light sources, which may affect the accuracy and reliability of the
measurement.

The forehead and sternum are the two standard measurement sites for neonatal transcutaneous
bilirubinometry; however, which measurement site had higher predictive bilirubin concentrations
in adults was uncertain. Therefore, we selected the forehead, cheek, neck, and medial sites of
bilateral upper arms but not the sternum for transcutaneous bilirubin measurement in adults.
These sites are different from those in neonatal measurement except the forehead because of
concerns about privacy, pigmented skin after sun exposure or stasis dermatitis, and body hair in
adults. This study revealed variations in the correlation between transcutaneous bilirubin values
and total serum bilirubin concentrations across different measurement sites. We observed higher
correlations at the right upper arm and neck, while there were lower correlations at the forehead
and left upper arm. Inherent biological variability may play a role in the observed differences.
We propose that these differences may be attributed to variations in skin conditions at each site,
although the unique nature of this occurrence remains uncertain. To validate and replicate our
findings, further studies involving a larger population are warranted.

This study has some limitations. First, the theoretical model used in this study assumed that the
target tissue was homogeneous, whereas human tissue is not. Therefore, the measurement results
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of our system may be influenced by the diffusion of serum bilirubin to the extravascular space
and may not reflect instantaneous variations in serum bilirubin. Second, the subjects recruited
in this study had serum bilirubin concentrations ranging from 0.1-3.9 mg/dL. Further studies
are required to validate the performance of the non-invasive transcutaneous bilirubinometer for
subjects with bilirubin concentrations exceeding 5 mg/dL. Third, we did neither compare the
measurements under different exerted probe pressure on the skin nor compare the data with
commercial transcutaneous bilirubinometers.

The modified Child-Pugh classification is a scoring system used to evaluate the severity of
liver disease [26]. The classification has five parameters, including ascites, bilirubin, albumin,
prothrombin time, and encephalopathy. Among these parameters, bilirubin stands out as a
reliable biomarker unaffected by medication or supplemental interventions like albumin or plasma.
Consequently, bilirubin serves as a valuable indicator of disease progression or regression in
liver decompensation, whether in acute exacerbation or chronic cirrhosis. When total serum
bilirubin concentrations ranged from 1 mg/dL to 3.9 mg/dL, our system could predict bilirubin
concentrations well; thus, clinicians got a score of 2 or 3 to calculate the total Child-Pugh score.
When total serum bilirubin concentrations were less than 1 mg/dL, the prediction was not so well;
nevertheless, the predictive concentrations were all < 1 mg/dL. It provided adequate information
for clinicians to know a patient having a score of 1 for the modified Child-Pugh classification
(Fig. 2(c) and 2(e)).

Telemedicine has made significant strides in recent years, expanding access to healthcare
services worldwide [27]. We anticipate that tele-monitoring, alongside virtual visits, will become
a routine practice post-COVID-19 pandemic [28]. In this study, we successfully developed
an optical system for measuring bilirubin concentrations in adults. It is a non-invasive device
that could minimize emotional stress, physical pain, and needle-stick injuries [29]. Moreover,
this system could be further developed into a point-of-care testing (POCT) device, providing
timely and remote data when combined with communication technologies and requiring minimal
staff training [30]. Given the global prevalence of liver and biliary tract diseases, our portable
non-invasive transcutaneous bilirubinometer holds potential for widespread application.

6. Conclusion

In conclusion, our study demonstrated a strong correlation between transcutaneous bilirubin
measurements and total serum bilirubin concentrations in adults when assessing the skin at the
neck (r =0.872) or medial side of the right upper arm (» = 0.940). Notably, our system exhibited
low mean bias and narrower 95% limits of agreement. This can be attributed to the integration of
an artificial neural network and the Beer-Lambert’s law-based chromophore fitting, enabling
accurate differentiation of hemoglobin, melanin, and bilirubin in the skin. The development of
this non-invasive optical system holds great potential in clinical practice, offering a convenient
and reliable tool for monitoring bilirubin values in adults. Future studies should aim to validate
its performance with a larger and more diverse population to establish its generalizability and
expand its clinical utility in liver and biliary tract diseases.
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